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ABSTRACT 

The spent fuel elements from nuclear power stations are 
reprocessed after a period of storage, and then the residual 
wastes are converted into solid blocks through vitrification 
technology. Low-level radioactivity of spent fuel demanded waste 
management for deep sea disposal and also the inceneration 
technology. Intermediate level radioactive wastes from spent 
fuel require containment in an engineered storage system before 
finally disposing of them to sea. 

In this paper, we are mainly concerned with high level 
waste management practices, vitrification technology, 
transportation and disposal of wastes. Our proposed technique on 
spent fuel disposal require deep drilling in larger areas of 
granite and similar hard rocks covered and surrounded by clays 
and salt formations. Naturally, the folded structure of hard 
rocks surrounded by areas of salt formations would lead to a 
permanent storage for high level radioactive wastes. 

1. INTRODUCTION 

There are two generic disposal methods: (i) dilution and 
controlled dispersion to the environment; and (ii) concentration 
and burial or storage. High-level liquid wastes and solid waste 
matter are invariably stored or buried. The terms low-, inter- 
mediate - and high-refer to the concentration of radioactivity. 
We endorse, in particular, the expansion of the geological and 
oceanographic research programmes for high-level waste disposal. 

The major source of waste from nuclear industry is the spent 
fuel elements from nuclear power stations. These contain unburnt 
uranium, plutonium and waste products arising from nuclear 
interactions within the fuel in the reactor. After a period of 
storage, the spent fuel is reprocessed to seperate out these 
various components, permitting the unburnt uranium and plutonium 
to be extracted and recycled for further use. The residual wastes 
from reprocessing are highly radioactive and form the high-level 
nuclear wastes. Storage is not a substitute for disposal, 
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although it is a necessary part of waste management. The 
transition from storage (containment in an engineered storage 
system) to disposal is unlikely to take place until at least 
50 years after the wastes have been vitrified, assuming 
vitrification will take place at least five years after the 
removal bf fuel from the reactor. We are presently concerned with 
optimisation of waste storage and disposal. Further research is 
needed to ascertain the disposal route which is best from the 
point of view of safety, economy and public acceptibility. The 
duration of the subsequent period of storage in vitrified form 
depends on a number of factors, the most important of which is 
the eventual method of disposal to be adopted; a shorter period 
may be required if the waste is disposed of on the deep ocean 
bed then if it is buried below the sea bed or the land surface. 

The containment in an engineered storage system, either 
above ground or sub-surface - for which technology already exists 
might be the best way to deal with solidified high-level wastes 
for at least 50 years and possibly much longer. In examining the 
waste management implications of the nuclear power programme, we 
have based our calculations on the figure of 2 5  GW which is the 
most recent estimate of likely installed nuclear generating 
capacity in the year 2 0 0 0 .  In the case of high-level radioactive 
waste remaining from the reprocessing of spent fuel, the 
envisaged increase in capacity is unlikely to present any 
signigicant new waste management task. The total high-level waste 
arising up to the year 2000 from a 2 5  GW programme would be less 
than 600 m3 in volume. The type of reactor is unlikely to alter 
the activity, or significantly affect the volume, of high-level 
vitrified waste. Geological disposal is only one of a number of 
possible methods of dealing with high-level wastes. 

J.B. Lewis (1) summarised with arguments the unsuitability 
of dumping the high-level radioactive wastes in the ocean beds, 
particularly, due to problems arising from monitoring the effects 
caused by deep sea disposal. The principal natural source of 
internal radiation to deep sea fish is Po 2 1 0  and a study of this 
in fish provides a useful indication of how other radionuclides 
will behave. However, a more eloborate research programme is 
needed which includes three-dimensional waste dispersion model, 
two-dimensional meridional model and process models. These models 
will provide informations about accurate estimates of concentration 
fields, natural trace distributions and physical transport 
processes in specefic locations. 

2 .  REASONS F O R  NUCLEAR FUEL REPROCESSING 

Fission products contained in irradiated fuel elements 
constitute the dominant radioactive waste disposal problem in 
nuclear industry. High-level wastes include the isotopes of 
neptunium (Np), americium (Am) and curium (Cm), alongwith small 
amounts of uranium and plutonium, that would not be removed in 
reprocessing owing to ineffeciencies in chemical seperation. 
When reprocessing has been carried out, the high-level radioactive 
waste is initially in liquid form. During fuel reprocessing 
operations, the fission products are freed from the normal 
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c o n f i n e m e n t  o f  f u e l  e l e m e n t  c l a d d i n g .  B e f o r e ,  b e i n g  t r a n s p o r t e d  t o  
a r e p r o c e s s i n g  f a c i l i t y ,  i r r a d i a t e d  f u e l  e l e m e n t s  a r e  s t o r e d  i n  a 
w a t e r - f i l l e d  b a s i n  f o r  a b o u t  3 m o n t h s  of  t a k e  a d v a n t a g e  o f  t h e  
i n i t i a l l y  h i g h  r a t e  o f  d e c a y  of  f i s s i o n  p r o d u c t s  a c t i v i t y .  The 
c o s t  o f  c o n s t r u c t i n g  t a n k  f o r m s  f o r  h i g h - l e v e l  r a d i o a c t i v e  w a s t e  
s t o r a g e  d e p e n d s  on s i t e  c o n d i t i o n s  and  on t h e  c h e m i c a l  n a t u r e  o f  
t h e  w a s t e  s o l u t i o n s .  

H u n d r e d s  o f  d i f f e r e n t  f i s s i o n  p r o d u c t s  a r e  formed i n  a 
n u c l e a r  r e a c t o r ,  o f  w h i c h  s t r o n t i u m  90 and c e s i u m  1 3 7 ,  two 
c h a r a c t e r i s t i c  f i s s i o n  p r o d u c t s ,  c o n s t i t u t e  a b o u t  5 %  o f  t h e  t o t a l ,  
p a r t i c u l a r l y ,  i n  LWR ( l i g h t  w a t e r  r e a c t o r s ) .  The f i s s i o n a b l e  
p l u t o n i u m  239 i s  consumed by f i s s i o n  r e a c t i o n s ,  n e a r  t h e  end  o f  
t h e  e f f e c t i v e  l i f e  o f  t h e  f u e l ,  a s  f a s t  a s  i t  i s  b e i n g  c r e a t e d .  
The e f f e c t i v e  l i f e  o f  t h e  f u e l  i s  d e t e r m i n e d  f r o m  t h e  d e s i g n  
c h a r a c t e r i s t i c s  o f  f u e l  c o m p o s i t i o n  and r e a c t o r s .  However ,  t h e  
f i s s i o n a b l e  p l u t o n i u m  i s  b r e d  i n  some f a s t  r e a c t o r s .  I n  t h i s  
p a r t i c u l a r  c a s e ,  w e  p r o d u c e  p l u t o n i u m  a b o u t  t w i c e  t h a n  w h a t  w e  
consume.  From t h e  t i m e  s p e n t  f u e l  i s  removed f r o m  t h e  r e a c t o r ,  
i t  c o n s i s t s  o f  f i s s i o n  p r o d u c t s  w h i c h  i n c l u d e s  u n s t a b l e  n u c l i d e s  
s u c h  a s  xenon 1 3 5  and  c e s i u m  1 3 5  w h i c h  d e c a y s  f a s t  t o  v a r i o u s  
o t h e r  e l e m e n t s ,  s t a b l e  n u c l i d e s  s u c h  a s  Sm 1 4 9  e t c ,  u n b u r n t  
i s o t o p e s  of  u r a n i u m  a n d  p l u t o n i u m ,  c l a d d i n g  and  e n g i n e e r i n g  
m a t e r i a l s .  

B e f o r e  r e p r o c e s s i n g  t h e  s p e n t  n u c l e a r  f u e l ,  s o m e t i m e s  p o s t -  
i r r a d i a t i o n  p r o c e s s i n g  i s  c a r r i e d  o u t  f o r  t h e  e n r i c h m e n t  o f  
u n r a n i u m  a n d  p l u t o n i u m .  T h i s  i s  a c c o m p l i s h e d  by a d d i n g  u r a n i u m  
and p l u t o n i u m  o f  w h i c h  t h e  e n r i c h m e n t  i s  r e q u i r e d ,  i n  t h e  f i s s i o n  
p r o d u c t s  and t h e n  a p a r t i c u l a r  c h e m i c a l  e n g i n e e r i n g  p r o c e s s  known 
a s  " P u r e x  P r o c e s s "  i s  f o l l o w e d . H o w e v e r ,  w e  s h o u l d  h a v e  a p l a n t  
d e s i g n  p h i l o s p h y  o f  " P u r e x  P r o c e s s "  t o  a c h i e v e  o u r  c a u s e  f o r  a 
s p e c e f i c  p u r p o s e .  

Now, w e  b r i e f l y  d e s c r i b e  t h e  f o l l o w i n g  r e a s o n s  and i t s  
o b j e c t i v e s  f o r  s p e n t  f u e l  r e p r o c e s s i n g .  

(1) - P h y s i c a l  and  m e c h a n i c a l  c h a n g e s  i n  t h e  p r o p e r t i e s  o f  t h e  

( 2 )  - R e a c t i v i t y  o f  f u e l  d e c r e a s e s  w i t h  t i m e  d u e  t o  g r o w t h  of 

f u e l .  

f i s s i o n  p r o d u c t  p o i s o n s .  

( 3 )  - P l u t o n i u m  i s  a y a l u a b l e  b y p r o d u c t  o f  f i s s i o n .  I t  s h o u l d  
b e  r e c o v e r e d  f o r  t h e  u s e  i n  f a s t  b r e e d e r  r e a c t o r s .  

( 4 )  - T o  s e p e r a t e  o u t  low- ,  i n t e r m e d i a t e - ,  and h i g h - l e v e l  
r a d i o a c t i v e  w a s t e s  a n d  t o  p r o p o s e  m e t h o d s  f o r  t h e i r  d i s p o s a l .  

O b j e c t i v e s :  

(1) - To r e c o v e r  Pu i n  p u r e  form w i t h  > 9 9 . 9 %  e f f e c i e n c y .  

( 2 )  - T o  r e d u c e  u r a n i u m  c o n t e n t  of p l u t o n i u m  t o  <1%. 

( 3 )  - T O  g e d u c e  f i s s i o n  p r o d u c t  a c t i v i t y  i n  Pu by a f a c t o r  o f  
'L10 

( 4 )  - T o  r e c o v e r  d e p l e t e d  u r a n i u m  i n  p u r e  f o r m  f r o m  f i s s i o n  
p r o d u c t s .  

( 5 )  - T o  a r r a n g e  f i s s i o n  p r o d u c t s  f o r  p e r m a n e n t  s t o r a g e  a c c o r d i n g  
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to activity. 

( 6 )  - To control the emission of fission products to atmosphere 
and effluents and make it safer for biosphere. 

3 .  HIGH LEVEL RADIOACTIVE WASTE MANAGEMENT 

High level radioactive waste for considerable length of time 
was already known to be practicable, and in a vitrified form 
would require far less supervision than in liquid form. It is 
easier, safer and cheaper to contain and store solids than 
liquids and it is logical to convert the waste into solid blocks. 
While tank storage of high-level liquid waste is manageable on a 
short term basis, it is not an attractive permanent solution to 
the disposal problem in view of the long radioactive half life 
of some fission nuclides. Disposal of high level radioactive 
wastes by dilution and dispersion is not an attractive solution 
in view of the large waste volumes involved and the stringent 
tolerances on strontium 90 concentration in the environment. The 
most troublesome solid wastes come, not from the reactor, but 
from the fuel reprocessing plants. Long before the year 2000, it 
will have become routine for the high-level radioactive waste 
produced in reprocessing fuel from these plants to be converted 
to solids and buried or stored where it cannot reach the biosphere. 

For spent fuel and vitrified waste management, interim storage 
is an essential part of the cycle. The passive air-cooled vault 
store developed by GEC Energy Systems Limited provides an optimum 
engineered solution, available now for power station or 
reprocessing site application. Temporary storage is particularly 
important with respect to an isotope such as iodine 131 (t = 8  days). 
For fuel management scheme, cesium discharge reduction is also 
an important part of the spent fuel cycle. The best method of 
reducing the cesium discharges in the interim would be to immerse 
boxes of spent ion exchange material in storage pond water at the 
site. The fuel, which is not normally canisterised, can be 
inspected or retrieved at any time. After a few years cooling in 
the pond, oxide fuel can be maintained safely in an air storage 
environment. So far the solutions they have come up will have 
been merely temporary, and almost twenty thousand tons of deadly 
waste are now scattered over the globe in steel rods housed in 
storage tanks and boric acid pools that are fast becoming 
overcrowded. By 2000, the tonnage of spent fuel may have increased 
five-hold, raising the storage problem to crisis proportions. 
Vitrification of high-level radioactive waste soon after 
reprocessing has been carried out, would the temperature of the 
blocks to rise if they were left to themselves. The temperature 
increase would depend on their size, shape, waste content and 
surroundings, but it is undesirable to allow too great a rise in 
temperature of the blocks because this could affect their ability 
to contain the radioactive wastes. In practice, it is quite easy 
to design storage, on or near the surface, to provide shielding 
and containment of the radioactivity, and to provide cooling by 
water or air to take away the heat generated. The amount of heat 
generated by the blocks decreases with time because of the 
reduction in radioactivity. Our recent estimates show that we 
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s h o u l d  s t o r e  t h e  h i g h - l e v e l  r a d i o a c t i v e  w a s t e s  f o r  a t  l e a s t  50-100 
y e a r s ,  and may b e  c o n s i d e r a b l y  m o r e ,  b e f o r e  t h e  h e a t  g e n e r a t i o n  
f a l l s  t o  a l e v e l  a t  w h i c h  t h e  e c o n o m i c  and  s i m p l e  method of  
d i s p o s a l  i s  p o s s i b l e .  P r o f e s s o r  Ringwood a t  C a n b e r r a  h a s  
s u g g e s t e d  t h a t  t o  overcome t h e  r i s k  o f  g l a s s  b l o c k s  g e t t i n g  h o t  
t h e r e  would b e  m e r i t  i n  u s i n g  a n  a r t i f i c i a l  r o c k  c a l l e d  Synrock  
( c e r a m i c )  i n s t e a d  o f  g l a s s  t o  c o n t a i n  t h e  r a d i o a c t i v e  w a s t e s .  

J u l i a n  Weiss ( 2 )  h a s  m e n t i o n e d  t h a t  t h e r e  a r e  p r o m i s i n g  
m e t h o d s  a v a i l a b l e  f o r  t h e  d i s p o s a l  o f  h a z a r d o u s  w a s t e s  ( t h a t  can  
r e m a i n  a c t i v e  f o r  a n y t h i n g  b e t w e e n  o n e  t h o u s a n d  y e a r s  and 
m i l l i o n s  of  y e a r s ) ,  w h i c h  i n c l u d e  c h a n g i n g  d e c a y i n g  m a t t e r  t o  
g l a s s  o r  blending i t  w i t h  c o n c r e t e ,  o r  t r a n s f o r m i n g  t h e  s u b s t a n c e  
t o  c e r a m i c s .  In a m u l t i p l e  b a r r i e r  t e c h n i q u e ,  h o s t  r o c k  ( e i t h e r  
s a l t ,  b a s a l t  o r  g r a n i t e )  i s  s e l e c t e d .  C r u s h e d  r o c k  i s  u s e d  t o  c o a t  
m e t a l  and s t e e l  b a r r i e r s  t h a t  f o r m  c o n c e n t r i c  c i r c l e s ,  w h i l e  w a s t e  
p r o d u c t s  a r e  k e p t  a t  t h e  c e n t e r .  M o n a z i t e  ( p h o s p h a t e  m o l e c u l e s )  
c o u l d  be  u s e d  t o  c o n t a i n  h a r m f u l  r a d i o a c t i v e  w a s t e s  f o r  h u n d r e d s  
of  m i l l i o n s  o f  y e a r s ,  and  f o u n d  c o m p l e t e l y  w a t e r  r e s i s t a n t .  One 
a d v a n t a g e  i n  t h i s  c a s e  i s  t h a t  t h e  c o n v e r s i o n  t o  m o n a z i t e  c o u l d  
t a k e  p l a c e  a t  a t o m i c  e n e r g y  p l a n t s ,  t h e r e b y  a v o i d i n g  t r a n s p o r t  of 
w a s t e s .  M o r e o v e r ,  a v a r i e t y  o f  b o r o s i l i c a t e  g l a s s e s  c a n  be  cons-  
t r u c t e d  f r o m  n u c l e a r  w a s t e .  The o p t i o n  o f  v i t r i f y i n g  n u c l e a r  w a s t e -  
d r y i n g  i t  t o  p o w d e r ,  m i x i n g  i t  w i t h  g l a s s  making  m a t e r i a l s  c a l l e d  
f r i t ,  t h e n  m e l t i n g  a n d  c o o l i n g  i n t o  s o l i d  f o r m - h a s  b e e n  t a k e n  up 
by s e v e r a l  c o u n t r i e s .  

A v a r i e t y  of  d i f f e r e n t  s t o r a g e  t e c h n i q u e s  and d i s p o s a l  
medium e x i s t s ,  s u i t e d  t o  d i f f e r e n t  t y p e s  of  w a s t e  s p e n t  f u e l  
o r  r e p r o c e s s i n g  - and t h e  g e o l o g y  o f  d i f f e r e n t  c o u n t r i e s .  The 
s p e n t  n u c l e a r  f u e l  i s  e n c a p s u l a t e d  i n  t i t a n i u m ,  s t a i n l e s s  s t e e l  
and c o p p e r  c a n i s t e r s ,  r e s p e c t i v e l y .  The b e s t  method o f  e n c a p s u l a t -  
i n g  s p e n t  n u c l e a r  f u e l  i n  c o p p e r  i s  b a s e d  on t h e  p r i n c i p l e  o f  h o t  
i s o s t a t i c  p r e s s i n g  o f  w a s t e .  How-ever ,  m o s t  o f  t h e  w o r l d ' s  
n u c l e a r  b y p r o d u c t s  a r e  p r e s e n t l y  s t o r e d  i n  s t a i n l e s s  s t e e l  
c a n i s t e r s .  Two b a s i s  m e t h o d s  w e r e  s t u d i e d  by P r o f e s s o r  B.L.Cohen 
( 3 )  f o r  s t o r a g e  a n d  s i d p o s a l  o f  r a d i o a c t i v e  w a s t e s .  T h e s e  i n c l u d e  
( a )  i m m o b i l i z a t i o n  o f  t h e  w a s t e s  by c o n v e r t i n g  them t o  more e a s i l y  
s t o r e d  s o l i d  f o r m ,  o r  by s e l e c t i v e  f i x a t i o n  o f  t h e  r a d i o a c t i v i t y  
i n  i n e r t ,  n o n - l e a c h a b l e ,  and  h e n c e  b u r i a b l e  s o l i d  m a t e r i a l ,  and 
( b )  p i p i n g  t h e  w a s t e s  i n t o  l i q u i d  form i n t o  g e o l o g i c a l  f o r m a t i o n  
where  t h e r e  i s  l i t t l e  p o s s i b i l i t y  o f  c o n t a m i n a t i o n  o f  g r o u n d  w a t e r  
s o u r c e s .  R e s e a r c h  on t h e  f o r m e r  method i s  b e i n g  c o n d u c t e d  a t  a 
number o f  l a b o r a t o r i e s  and i n v o l v e s  s t u d i e s  o f  v a r i o u s  c a l c i n a t i o n  
and f i x a t i o n  s c h e m e s .  A n  e x a m p l e  o f  o n e  o f  t h e  scheme i s  a s  
f o l l o w s :  t h e  w a s t e  s o l u t i o n  i s  p a r t l y  c a l c i n e d  and f i l t e r e d  t o  
remove s o l i d  f i s s i o n  p r o d u c t  o x i d e s ,  w h i c h  a r e  compacted  and 
p a c k a g e d  f o r  s t o r a g e .  The r e s i d u a l  w a s t e  s o l u t i o n  i s  p a s s e d  o v e r  
a b e d  o f  m o n t m o r i l l o n i t e  c l a y  w h i c h  i s  e f f e c t i v e  i n  a d s o r b i n g  
f i s s i o n  p r o d u c t  ions. The c l a y  i s  t h e n  h e a t e d  t o  a h i g h  t e m p e r a -  
t u r e ,  becoming a r e f r a c t o r y  and e s s e n t i a l l y  n o n - l e a c h a b l e  m a t e r i a l  
w h i c h  c a n  b e  b u r i e d .  

The c o m p a r i t i v e l y  s m a l l  q u a n t i t i e s  o f  r a d i o a c t i v e  m a t e r i a l s  
i n v o l v e d  make i t  p r a c t i c a l  t o  u s e  h i g h l y  s o p h i s t i c a t e d  w a s t e  
management  p r o c e d u r e s ,  whose c o s t  m u s t  b e  v iewed i n  r e l a t i o n  t o  
t h e  p r i c e  o f  t h e  e l e c t r i c i t y  g e n e r a t e d .  F o r  e x a m p l e ,  a medium 
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s i z e ,  1 0 0 0  M W  r e a c t o r  p r o d u c e s  t h i r t y  t o n s  o f  w a s t e  e a c h  y e a r .  
N i n e t y  s i x  p e r c e n t  o f  t h a t  w a s t e  c o u l d  a c t u a l l y  b e  r e p r o c e s s e d ,  
t h e r e b y  d r a s t i c a l l y  r e d u c i n g  t h e  amount  o f  u s e l e s s  s p e n t  f u e l  f o r  
d i s p o s a l ,  b u t  p l a n s  f o r  t h e  c o n s t r u c t i o n s  of  c o m m e r c i a l  r e p r o c e s s -  
i n g  p l a n t s  h a v e  v i r t u a l l y  come t o  a s t a n d  s t i l l .  

A s  m e n t i o n e d  e a r l i e r  t h a t  v i t r i f i c a t i o n  o f  h i g h - l e v e l  
r a d i o a c t i v e  w a s t e s  demanded " c o o l i n g "  i n  t h e  s t o r a g e  b e f o r e  b u r i e d  
t o  a n y  p r o p e r  g e o l o g i c a l  s i t e  w o u l d ,  h o w e v e r ,  r e q u i r e  d e l a y e d  
b u r i a l ,  a s  shown i n  F i g  (11, o t h e r w i s e  w a s t e s  i n c o r p o r a t e d  i n t o  
b o r o s i l i c a t e  g l a s s  ( S i m i l a r  t o  P y r e x )  would become d e v i t r i f i e d  
( c r y s t a l l i z e d  o r  b r i t t l e )  a t  t e m p e r a t u r e s  h i g h e r  t h a n  a b o u t  700C. 

4 .  G E O L O G I C A L  DISPOSAL O F  H I G H - L E V E L  R A D I O A C T I V E  WASTES: 
METHODS AND PROPOSED MODELS: 

V a r i o u s  p r o p o s a l s  ( 4 )  f o r  d i s p o s a l  h a v e  b e e n  made,  i n c l u d i n g  
d i s p o s a l  i n  r o c k s  t h o u s a n d s  of  f e e t  u n d e r g r o u n d  where  t h e y  would 
be  v i r t u a l l y  i n a c c e s s i b l e .  The b e s t  way f o r w a r d  f o r  g e o l o g i c a l  
d i s p o s a l  w i l l  b e  t o  c o n t i n u e  t o  c o o l  t h e  b l o c k s  n e a r  t h e  s u r f a c e  
u n t i l  t h e  h e a t  t h e y  p r o d u c e  h a s  f a l l e n  t o  a l e v e l  a t  w h i c h  
d i s p o s a l  c a n  b e  recommended.  When w e  a r e  s a t i s f i e d  t h a t  t h e  i s o l -  
l a t i o n  o f  s u c h  s o l i d i f i e d  w a s t e s  c a n  b e  deemed p e r m a n e n t  w e  c a l l  
i t  d i s p o s a l .  W i t h i n  t h e  p a s t  few y e a r s ,  t e s t s  d e m o n s t r a t e d  t h e  
a b i l i t y  of  v i t r i f i e d  g l a s s  t o  w i t h s t a n d  n o t  o n l y  h e a t  f r o m  a t o m i c  
p a r t i c l e s  b u t  f rom p l a c e m e n t  d e e p  w i t h i n  t h e  e a r t h .  L a r g e  c l a y  
s e d i m e n t s  u p t o  170m t h i c k  would immerse t h e  w a s t e s  e v e n  i f  
t i t a n i u m  c a n i s t e r s  d i s s o l v e d .  A s  much a s  one  f o u r t h  o f  t h e  s e a - b e d  
i s  g e o l o g i c a l l y  s t a b l e ,  and  i f  n u c l e a r  w a s t e  i s  mixed t o  f o r m  
b o r o s i l i c a t e ,  t h i s  t y p e  o f  d i s p o s a l  c o u l d  b e  i n e x p e n s i v e  and  
p r a c t i c a l ;  b u t  w e  h a v e  t o  c o n s i d e r  t h e  r e v i e w  a r t i c l e  o f  J . B . L e w i s  
(1) a c c o r d i n g  t o  w h i c h  dumping o f  h i g h  l e v e l  r a d i o a c t i v e  w a s t e s  i s  
u n s u i t a b l e  i n  d e e p  o c e a n  b e d s .  The r e q u i r e m e n t  t h a t  r a d i o a c t i v e  
w a s t e s  b e  i s o l a t e d  f o r  h u n d r e d s  o f  y e a r s  seems a l a r m i n g  t o  some 
b e c a u s e  few t h i n g s  i n  o u r  e n v i r o n m e n t  l a s t  t h a t  l o n g .  Deep 
u n d e r g r o u n d .  h o  e v e r ,  t h e  t i m e  c o n s t a n t s  f o r  c h a n g e  a r e  i n  t h e  
r a n g e  o f  1 0 7 - 1 0  
power m u s t  b e  v iewed a s  a method f o r  c l e a n s i n g  t h e  e a r t h  o f  
r a d i o a c t i v i t y .  Random b u r i a l  o f f e r s  l e s s  s e c u r i t y  t h a n  c a r e f u l  
c h o i c e  of  a b u r i a l  s i t e  b a s e d  on g e o l o g i c a l  i n f o r m a t i o n .  

1 
y e a r s .  T h u s ,  on  a n y  l o n g  t i m e  s c a l e ,  n u c l e a r  

P r o f e s s o r  B . L .  Cohen ( 3 )  s u g g e s t e d  f e w  m e t h o d s  f o r  a d d i t i o n a l  
p r o t e c t i o n  a g a n i s t  r e l e a s e  d u r i n g  f e w  h u n d r e d  y e a r s  c r i t i c a l ,  
which  a r e  a s  f o l l o w s :  

(1) - The m a t e r i a l  w i l l  b e  b u r i e d  i n  a g e o l o g i c a l  f o r m a t i o n  t h a t  
h a s  b e e n  f r e e  o f  g r o u n d  w a t e r  f o r  t e n s  o f  m i l l i o n s  o f  y e a r s  
and i n  w h i c h  g e o l o g i s t s  a r e  q u i t e  c e r t a i n  t h e r e  w i l l  b e  no 
w a t e r  f o r  some t i m e  i n  f u t u r e .  

( 2 )  - I f  w a t e r  s h o u l d  g e t  i n t o  t h e  f o r m a t i o n ,  t h e  r o c k  c o n s t i t u t i n g  
i t  would h a v e  t o  b e  l e a c h e d  o r  d i s s o l v e d  away b e f o r e  water  
c o u l d  r e a c h  t h e  w a s t e .  Even i f  t h e  r o c k  w e r e  s a l t ,  d i sso lu t ion  
would t y p i c a l l y  r e q u i r e  t h o u s a n d s  o f  y e a r s .  

( 3 )  - Once t h e  w a t e r  r e a c h e d  t h e  w a s t e  g l a s s ,  t h e  l a t t e r  would 
b e  l e a c h e d  a t  a r a t e  o f  o n l y  a b o u t  1% p e r  c e n t u r y .  
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( 4 )  - Ground water flows through aquifers rather slowly, requiring 
typically 1,000 years to reach surface waters from a depth 
of 600 m. 

(5) - Most of the radioactive materials would be held up by ion 
exchange processes, travelling 100 to 10,000 times slower 
than later. 

The geological formation which have been considered for 
storage of high-level wastes in liquid form include salt beds, 
deep underground basins, and excavations in selected shale 
formations. One of the criteria for the choice of a repository 
site is that there be a lack of valuable minerals and the 
prospect of discovering them. While discussing the various methods 
for the disposal of radioactive wastes, Professor B.L. Cohen (5) 
examined that if blocks were placed in salt under pressure, the 
heat would make the salt around it. This will cause the 
migration of the water pocket in the direction of the higher 
temperature, which is of course the direction of the buried waste 
canister. Small amount of water would continue to migrate after 
25 years, carrying corrosive substances such as hydrochloric acid 
arising from chemical reactions induced in the salt by the 
radiation from the canister. While for a hard rock like granite, 
the heat could crack the rock and hence the migration rate of 
dispos,ed high-level radioactive wastes through cracks upto the 
surface of the earth would become appreciably larger thus causing 
human intrusion. 
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T h e r e f o r e ,  w e  s u g g e s t  r e c o m m e n d a t i o n s  i n  f u t u r e  r e s e a r c h  
programme f o r  t h e  d i s p o s a l  of h i g h - l e v e l  r a d i o a c t i v e  w a s t e s ,  
which  a r e  a s  f o l l o w s :  

(1) - Type o f  t h e  r o c k  w h i c h  would b e  m o s t  s u i t a b l e  f o r  s t o r i n g  
t h e  s o l i d i f i e d  w a s t e s .  Even ,  t h e  p l a c e m e n t  o f  a n  a r t i f i c i a l  
r o c k  ( c e r a m i c )  b a s i n  d e e p  u n d e r g r o u n d  t h e  e a r t h ' s  s u r f a c e  
c o u l d  b e  c o n s i d e r e d .  T h i s  a r t i f i c i a l  r o c k  ( c h e m i c a l l y  formed 
c e r a m i c  m a t e r i a l )  s h o u l d  b e  c o m p a t i b l e  e n o u g h  t o  h o l d  h i g h  
t e m p e r a t u r e s  c a u s e d  by  b u r i e d  c a n i s t e r s .  Even i f  g r o u n d  
wa te r  comes i n  c o n t a c t  w i t h  a r t i f i c i a l  r o c k ,  t h i s  compound 
i s  t o u g h  enough t o  r e s i s t  l e a k a g e .  

d e s i g n s  o f  t h e  b u r i a l .  

c r a t o n .  

r e s p o n s e s  t o  h e a t .  

The a d v a n t a g e  o f  g o i n g  t o  d e p t h s  o f  h u n d r e d  o f  m e t e r s  i s  

( 2 )  - An a p p r o p r i a t e  r o c k  d r i l l i n g  programme t o  s u g g e s t  v a r i o u s  

( 3 )  - S t u d i e s  o f  v a r i o u s  t y p e s  o f  d e e p  r o c k  f o r m a t i o n s  s u c h  a s  on 

( 4 )  - S t u d i e s  on d i f f e r e n t  t y p e s  o f  r o c k s  w h i c h  h a v e  d i f f e r e n t  

t h a t  i n a c t i v e  p a r t s  o f  t h e  e a r t h ' s  c r u s t  h a v e  g e o l o g i c  s t r u c t u r e s  
t h a t  would r e m a i n  s t a b l e  f o r  m i l l i o n s  o f  y e a r s .  The t o t a l  amount  
o f  n a t u r a l  r a d i o a c t i v i t y  i n  t h e  g r o u n d  down t o  t h e  p r o p o s e d  
n u c l e a r  w a s t e  b u r i a l  d e p t h  s h o u l d  f i r s t  b e  d e t e r m i n e d  i n  terms of  
t h e  r a d i u m  c o n t e n t  and a n  a l l o w a n c e  s h o u l d  b e  made t h a t  i t  s h o u l d  
be  g r e a t e r  t h a n  t h e  r a d i o a c t i v i t y  i n  t h e  w a s t e s  u n d e r  s a f e g a u r d  
c o n d i t i o n s .  Of c o u r s e ,  t h e  r a d i o a c t i v i t y  o f  w a s t e s  i s  more c o n c e n -  
t r a t e d ,  b u t  i n  p r i n c i p l e  t h a t  d o e s  n o t  make a n y  d i f f e r e n c e  t o  t h e  
b i o l o g i c a l  e f f e c t s  o f  r a d i a t i o n .  The r e a s o n  b e h i n d  t h i s  a r g u m e n t  
c a n  be  e x p l o r e d  f rom t h e  a r t i c l e  o f  B . L .  Cohen ( 3 ) .  Based  on  
t h e s e  a r g u m e n t s ,  w e  s h o u l d  s u r v e y  and e x p l o r e  t h e  amount  o f  r a d i u m  
i n  t h e  t o p  1 0 0 0  m e t e r s  of  t h e  e a r t h ' s  c r u s t  o f  g e o l o g i c a l  s t a b l e  
a r e a s  of  P a k i s t a n  and  a l s o  t h e  amount  o f  r a d i u m  i n  p e o p l e .  

We h a v e  d i s c o v e r e d  two d e s i g n  m o d e l s  f o r  t h e  g e o l o g i c a l  
d i s p o s a l  of  h i g h - l e v e l  r a d i o a c t i v e  w a s t e s ,  d e e p  u n d e r g r o u n d  t h e  
e a r t h ' s  s u r f a c e  by c o n s i d e r i n g  r e c e n t  t h e o r i e s  on  g e o l o g i c a l  
s t r u c t u r e s ,  w h i c h  however  makes i t  r e a s o n a b l e  f r o m  t h e  p o i n t  o f  
v i e w  o f  c a r r y i n g  f u r t h e r  r e s e a r c h .  The d e s i g n  m o d e l s  i f  n o t  p r a c t -  
i c a l l y  s u i t a b l e  c a n ,  however  l e a d  t o  f u r t h e r  i n v e s t i g a t i o n s ,  
s u g g e s t i o n s  and i m p r o v e m e n t s .  I n  t h e  f i r s t  d e s i g n  m o d e l ,  a s  shown 
i n  F i g  ( 2 1 ,  w e  h a v e  made u s e  of  t h e  r e c u m b e n t  f o l d i n g  ( d i p  o f  
O - l O o )  w h i c h  c a n  c a r r y  c a n i s t e r s  o f  h i g h - l e v e l  r a d i o a c t i v e  w a s t e s .  
The r e c u m b e n t  f o l d i n g s  a r e  s u p p o r t e d  f r o m  t h e  c o n c r e t e  w a l l s  and 
a l s o  f rom t h e  s h i e l d i n g  m a t e r i a l  w h i c h  i s  made o f  a n  a r t i f i c i a l  
r o c k  ( c e r a m i c ) .  The s h i e l d i n g  c a n  p r e v e n t  l e a k a g e  a n d  c a n  h o l d  
h i g h  enough t e m p e r a t u r e s  c a u s e d  by w a s t e  c a n i s t e r s .  The r e c o m b e n t  
f o l d i n g s  a s  shown i n  F i g  ( 2 )  i s  s u r r o u n d e d  by s a l t  o r  b a s a l t :  i f  
w a t e r  v a p o u r s  d e v e l o p e d  w i l l  move t o w a r d s  t h e  i n c l i n e d  p a r t  o f  
t h e  f o l d i n g  where w e  h a v e  t h e  maximum h e a t  d u e  t o  w a s t e s .  I f  a n y  
c h e m i c a l  r e a c t i o n  t a k e s  p l a c e  d u e  t o  r a d i a t i o n  o f  t h e  w a s t e s  i n  
s a l t ,  t h a t  c o r r o s i v e  s u b s t a n c e  w i l l  move t o w a r d s  . t h e  i n c l i n e d  
p a r t ,  and c a n n o t  b e  l e a c h e d  f rom t h e  c h e m i c a l l y  formed a r t i f i c i a l  
r o c k .  T h i s  p r o c e s s  w i l l  t a k e  p l a c e  i n  s u c c e s s i v e  s t e p s  a s  t h e  
h e a t  c o n t e n t  c a n  b e  s u i t a b l y  t r a n s f e r r e d  t o  t h e  e n v i r o n m e n t  
w i t h o u t  c a u s i n g  a n y  c r a c k  i n  t h e  r o c k .  S i n c e  f o l d s  a r e  v e r y  
common g e o l o q i c a l  s t r u c t u r e s ,  and  c a n  b e  e a s i l y  f o u n d  i n  t h e  t o p  
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Fig. 2.  

2 0 0 - 5 0 0  m e t e r s  o f  t h e  e a r t h ' s  c r u s t  w h e r e  d r i l l i n g  a s  w e l l  a s  t h e  
p l a c e m e n t  o f  c o n c r e t e  a n d  a r t i f i c i a l  r o c k s  c o u l d  b e  made a c c e s s i b l e .  
I n  t h e  s e c o n d  d e s i g n  m o d e l ,  a s  shown  i n  F i g  ( 3 ) ,  w e  h a v e  
c o n s i d e r e d  t h e  r o c k  b a s i n  i n  t h e  c r a t o n  ( w h i c h  i s  u s u a l l y  35-45 
K m  t h i c k )  d e e p  u n d e r g r o u n d ,  4 0 0 - 1 0 0 0  m f r o m  t o p  o f  t h e  e a r t h ' s  
s u r f a c e .  The r o c k  b a s i n  i n  t h e  c r a t o n  i s  s u r r o u n d e d  by  a n  
a r t i f i c i a l  r o c k  t o  a v o i d  l e a k a g e  o f  l e a c h a b l e  m a t e r i a l s .  T h i s  
m e t h o d  i s  r e l a t i v e l y  e x p e n s i v e  t h a n  t h e  f o r m e r  o n e  a n d  c a n n o t  b e  
made e c o n o m i c a l l y  v i a b l e .  H o w e v e r ,  t h i s  m e t h o d  h a s  t h e  a d v a n t a g e  
o f  c o n t a i n i n g  l a r g e  a m o u n t s  o f  w a s t e  c a n i s t e r s .  

S i n c e ,  w e  d o  n o t  h a v e  s u f f i c i e n t  d a t a  a b o u t  t h e  g e o l o g i c a l  
d i s p o s a l  o f  r a d i o a c t i v e  w a s t e s ;  o t h e r w i s e  i t  i s  p o s s i b l e  t o  
s i m u l a t e  c o m p u t e r  m o d e l  e x p e r i m e n t s  o n  r e c o m b e n t  f o l d  e n t i r e l y  
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with numerical formulations. Different folding mechanisms operate 
in characteristic tectonic settings such as Flexural slip folding 
and Passive folding. We must avoid Passive folding mechanism 
because in this case deformation predominantly occurs in highly 
ductile rocks and especially in metamorphic terains which can 
extend to greater depths. But, in the case of Flexural slip 
folding, the time required for continuous r ck deformation is 
quite long, at least of the order of n x 10 years, and detachment 
seems to require a highly ductile layer at the base. This follows 
that the recumbent fold of which structural geology is evolved 
from Flexural slip folding mechanism can contain wastes as long 
as millions of years. Secondly, granatized rocks which are partly 
sedimentary and partly igneous should be considered for 
recumbent fold. Moreover, computer simulation experiments in view 
Of Geotectonic and recent plate tectonic-theories should be 
conducted. We have to seek "superstructure" from the survey of 
geologically stable areas of Pakistan. A superstructure is formed 
due to shallow level of less mobile rocks (epeirogenic) uneffected 
by plutonic activity or metamorphism. Areas of crust which suffer 
no more than epeirogenic deformation are knwn as stable areas or 
cratons. 

Hence, it follows from our discussions that recumbent folds 
and structurally stable areas known as cratons should be 
considered for the disposal of high level radioactive wastes. 
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